Abstract. A conventional electron capture dissociation (ECD) spectrum of a protein is uniquely characteristic of the first dimension of its linear structure. This sequence information is indicated by summing the primary c m+ and z m+• products of cleavage at each of its molecular ion's inter-residue bonds. For example, the ECD spectra of ubiquitin (M+nH) n+ ions, n07-13, provide sequence characterization of 72 of its 75
Introduction
E lectron capture dissociation (ECD) [1] has become a crucial tool for detailed characterization of protein ions produced by electrospray ionization (ESI) [2] . Compared with vibrational dissociation methods, ECD cleaves a far higher proportion of inter-residue bonds while minimizing the dissociation of post-translational modifications and tertiary noncovalent bonding [1, 3, 4] . ECD cleavage of the linear molecular ion (M+nH) n+ yields c m+ and complementary z m+• ions; for the yield from a cleavage site, the conventional ECD spectrum sums the abundances of both products for all n and m values. We consider separately these component c m+ and z m+• spectra; a spectrum of specific m value (e.g., c 1+ ) is itself an additive combination of yet more fundamental data, proposed here as "charge site (CS)" mass spectra. Ionic hydrogen bonding of a specific charge site to neighboring residues is proposed to produce multiple intermediate ion forms, whose electron capture then yields that charge site's CS spectrum. For many ubiquitin c/z ions, the same CS spectrum is found from precursors of widely varying total charge; this is consistent with their common secondary conformation, but not the α-helices previously postulated [5] [6] [7] . Characterization of tertiary conformation by its resistance to ECD is already well known [3] [4] [5] [6] [7] [8] [9] [10] .
As recently reviewed [8] , "the extent to which proteins in the gas phase retain their condensed phase structure is a hotly debated issue," and is critical for determining protein: adduct solution stabilities using ESI/MS [11] . Recently the retention of KIX tertiary structure during ESI was demonstrated by ECD [9] .
Experimental
The c m+ , z m+• data used here were measured 0.2 s or 5 s after ESI in a 7 T Fourier-transform mass spectrometer (Bruker)
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for ECD spectra reported in recent studies [9, 10] . These contain complete experimental details.
Results and Discussion
The ECD spectra from (M + nH) n+ ions (n 07-13) of ubiquitin (76 residues) [10] list 1843 c m+ and z m+• product ions from cleavage of 72 of its inter-residue sites (three sites on the N-terminal side of proline resist cleavage). In Figure S1 , Thus for c 1+ fragments from ECD cleavage at sites 2-12 ( Figure 1, black bars) , the 7+ to 9+ precursors yield c 1+ abundances that are surprisingly similar, while those from the 10+ to 12+ ions become increasingly like those from the 13+ ions. In fact, all seven c 1+ 2-12 spectra match well for changing proportions of just the two c 1+ spectra from the 7+ and 13+ ions. In a similar fashion, the c 1+ peaks for the 13-17 cleavage sites can result from two component spectra, one accounting for most of the 15-17 peaks. Mathematical deconvolution [12] of the 7+ to 13+ c 1+ data of sites 2-17 gives three component spectra, bottom left Figure 1 . Using these, predicted c 1+ abundances of the 7+ to 13+ c 1+ spectra (segmented colored bars) fit the experimental values to ≤3 %. This proportional additivity of component reference spectra that yields the spectrum of the corresponding mixture is the classic Beer's law behavior long established for spectroscopic methods (e.g., visible, UV, IR) [12] as well as for MS [13] ).
These new reference mass spectra are named here "charge site (CS)" spectra based on their apparent source (Scheme 1) in which the protonated basic residue forms an ionic H-bond to a nearby amide carbonyl group (Lys, Arg, and His should show similar behavior, but not Pro). Electron capture neutralizes the charge and cleaves the backbone N-C α bond [4] . The possible basic sites of ubiquitin from Williams' calculations [14] are Nterminus (and/or Q2), K6, K11, and P19; the first cannot generate spectra of small c 1+ ions because its electron capture produces uncharged c products for cleavages on the N-terminal side of K6. The three c 1+ spectra (Figure 1 , bottom left) have products from sites 2-10, 2-14, and 12-17, consistent with the CS spectra from intermediates of K6, K11, and P19, respectively, which have undergone electron capture. For the remaining protonation sites in these c 1+ ions, the Nterminus is favored by charge repulsion, which also maximizes K6 charging in the 13+ precursor ions. Thus for these c 1+ CS spectra, almost all arise from precursor ions with N-terminal protonation; the K6 spectrum is also protonated at K6; the K11 at K11, but not at K6; and P19 at P19, not at K6 or K11.
For c 2+ ions (Figure 1 ), the K11 CS spectrum is shifted dramatically to higher masses. Now the K6 site is also protonated, repulsing the R-NH 3 + side chain of K11 to Hbond farther toward the C-terminus (Scheme 1). But this double N-terminal protonation of the first three sites is much less for ≤11+ precursors, in which the P19 c 2+ spectra dominate. The P19 c 3+ spectrum requires N-terminal protonation at the first four sites and is quite similar to the c 1+ and c 2+ P19 spectra ( Figure 1) ; proline lacks the charged side chain of Scheme 1. Thus the 1-19 N-terminal region yields six CS spectra, each from a precursor ion region of a specific distribution of two to four protons on its four basic residues and a specific electron capture site. Per the Scheme 1, that site's basic residue will have probabilities of H-bonding to multiple neighboring residues. Although the Figure 1 . Relative abundances of c 1+ to c 3+ ions (black bars) from ECD of ubiquitin (M+nH) n+ ions (n07-13) for cleavage sites 2-17. Calculated "CS spectra" (bottom) for charge sites K6, K11, and P19 give predicted abundance values shown as segmented colored bars fused on right of black bars overall "conformation" of an ionized protein in the gas phase is thus complex, the reproducibility of a region's CS spectrum from differently charged precursor ions indicates a consistent "composite" secondary structure (tertiary structures are resistant to ECD).
Other Ubiquitin CS spectra
From Figure S1 this preliminary study found that 11 of the 14 charge sites form a CS spectrum that is the same from at least three of the 7+ to 13+ precursors ( Figure 2 ). K29 is not listed, but its possible products are assigned to K27; CS spectra from the two termini are also difficult to identify (vide supra).
Conformational Dependence of CS Spectra
Changing the ECD measurement from 0.2 s to 5 s after ESI [10] for the 7+ ions causes virtually no change in the c 1+ data (Figure 3 ). However, after 105 eV collisional activation of the 7+ ions, the c 1+ spectrum is substantially modified. Increased peaks (e.g., 2, 5, 9, 14) represent relative increases in K6/K11/P19 ionic H-bonding (Scheme 1) at nearby residues, with further increases after 5 s; new secondary structures and/or unfolding are possible. As another example, the c 3+ and z (n-4)+ data ( Figure S1 ) of sites 24-35 change greatly from 7+ to 10+ precursors; sites 21-35 form an α-helix in solution [10] .
Earlier ECD studies of "mature" ubiquitin ions (measured 40 s after ESI, not 0.2 s as here) postulated an α-helix structure for 13+ ions, with charge removal introducing bends and folding [5] [6] [7] . Of the evidence, those averages for c and z ions (Figure 2, bottom) have maxima thought to resemble the Scheme 1 H-bonding probability for the 3.6 residue turn spacing of the α-helix [7] . However, the CS spectra of ubiquitin (Figure 2 ) now make possible a more detailed evaluation of secondary structure. For the 13+ ions, the CS spectra of K6, K11, P19, K27, and K33 are all strikingly different from each other, indicating a much more intricate and far less uniform secondary structure than the previously postulated α-helix. Moreover, the average CS spectrum of the 13+ ions (Figure 2 , second from bottom) does not show average "+3.6" cleavage but, instead, reveals. for example, abundant "-1" cleavage (the protonated side chain H-bonded to its own carbonyl). A distorted helix could possibly be formed (Scheme 1) by full proton transfer to the carbonyl, with resonance sharing of that charge with the amide nitrogen, with either charge position providing stabilization to a local helical structure. IR 3025-3775 cm -1 spectra of 7+ [5] to 11+ ubiquitin and other protein ions are dominated by strong N + -H vibrational absorptions [15] , with side-chain N + -H ruled out by 15 N labeling; theoretical modeling should be valuable.
Irrespective of the true secondary structure, if precursor ions of different charge states yield the same CS spectrum, in each precursor that region has the same collection of secondary structures, a collection that represents a composite of minimum energy arising from a specific distribution of protons on neighboring basic residues.
Protein KIX
The 7+ to 16+ ECD spectra of the three-helix bundle protein KIX (91 residues) first demonstrated the preservation of solution tertiary structure during ESI [9] . ECD of the 7+ [10] ions yields no products from these α1 (residues 16-30), α2 (42-61), and α3 (65-88) helices. Increasing coulombic repulsion reflects their stabilities in solution: for 8+ ions, ECD peaks first appear in α1; 9+, α2; and 10+, α3. 
Complementary c/z Ion Data
Measurement of each of the ECD product pairs is subject to different efficiences. For example, the more highly charged z (n-m-2)+• and c (n-m-2)+ products (those closer to the N-and Ctermini, respectively) are subject to greater loss from secondary electron capture [4] . Full utilization of complementary ion data requires further study.
Conclusions
We propose a fundamental form of local ECD data, the "charge site" mass spectrum, which represents the multiple c m+ or z m+• products of a specific m value resulting from electron captures at that protonated basic residue whose neighboring basic residues have a specific charging pattern. Apparently, this can represent a composite secondary structure of minimum energy, as the same CS spectrum can be formed from many 7+ to 13+ ubiquitin (Figures 1, 2, S1 ) and 8+ to 16+ KIX (Figures 4, S2) ions. Although the combinatorial conformation possibilities for the whole precursor are large, CS characterization of the secondary structure of individual regions now appears possible. CS spectra can provide detailed mechanistic information concerning the influence of neighboring composition and protonation on charge-site hydrogen bonding to backbone carbonyls and subsequent ionic H-bonding. This stabilization appears to be far more important in the gas phase than that of α-helical Hbonding, a supposition for which molecular dynamics simulations of protein gas phase structures could be of particular value.
Quantitative comparison of CS spectra should also provide a more rigorous test for the question "Do charge state signatures guarantee protein conformations?" [8] . With collisional activation causing a substantial conformational change (Figure 3) without change in the 7+ charge, the answer must be "no."
